Positioning of the surgical patient is an important part of anesthesia care and attention to the physical and physiological consequences of positioning can help prevent serious adverse events and complications. The general principles of patient positioning of the anesthetized and awake neurosurgical patient are discussed in this chapter.
I. General Principles
Ideal patient positioning involves balancing surgical comfort, against the risks related to the patient position. Therefore, patient positioning during surgery should be considered during the preoperative evaluation. (1) Patient positioning is typically attended to after induction of general anesthesia and placement of arterial and venous lines. Positioning is the joint responsibility of the surgeon and anesthesiologist. Positioning of the neurosurgical patient is challenging and requires adequate anesthetic depth, maintenance of hemodynamic stability, evidence of appropriate oxygenation, and preservation of invasive monitors. Disconnection of intravenous or arterial catheters and tracheal tube during body positioning and during rotation/movement of the operating table is often required, sometimes creating a complete "blackout" state, when the patient may not be monitored or oxygenated. (2) This is especially dangerous in trauma patients who are at risk of thromboembolism and in patients with hemo/pneumothoraces who are dependent on functioning chest tubes. Therefore, pulse oximetry and blood pressure should be monitored throughout positioning, whenever possible, and chest tubes should not be clamped. Specifically, positioning of the head and neck requires special attention. Positioning of the body should be based on general guidelines according to the Practice Advisory of American Society of Anesthesiologists. (1) ( Table 1) 
II. Head Positioning
Patient positioning for craniotomies and the majority of spine procedures begins with positioning of the head. Knowledge of the neurosurgical approach to head positioning is important for anesthesiologists since we should evaluate whether the patient can tolerate the desired intraoperative positioning, particularly during long procedures.
The ideal position of the head is the position that provides optimal surgical approach to the target brain area and is based on the two principles: 1) An imaginary trajectory from the highest point at the skull surface to the area of interest in the brain should be the shortest distance between the 2 points, and 2) Whenever possible, the exposed surface of the skull and an imaginary perimeter of craniotomy should be parallel to the floor.(3)
A. Types of Craniotomies
There are 5 classic surgical approaches for craniotomies: frontal, temporal, occipital, parietal, and posterior fossa. These approaches provide extensive "regional" exposure of the entire lobes and are currently used occasionally when exposure of large areas is required (e.g. decompressive craniectomy). In modern neurosurgery, 6 standard types of craniotomies, derived from the regional craniotomies by miniaturization of the area of exposure and/or combination of their different parts, are used: 1) anterior parasagittal, 2) frontosphenotemporal (pterional), 3) subtemporal 4) posterior parasagittal, 5) midline suboccipital, and 6) lateral suboccipital. (Figure 1 ) (3)
B. Fixation of the Head
For craniotomies or burr holes, the head can be positioned on the horseshoe headrest (or doughnut), or skeletally fixed with the three or four-pins fixation device. The Mayfield frame is a three-pin device which is used for fixation during craniotomies, and a four-pin rigid frame is usually used for burr holes and functional neurosurgical procedures (e.g., implantation of deep brain stimulators). For prone positioning, the head may be positioned on a foam pillow, headrest, or fixed with the Mayfield frame.
Application of a skeletal fixation device and tightening of pins on the scalp has a profound stimulating effect, leading to tachycardia and hypertension. Since severe hypertension during pin fixation may cause rupture of untreated cerebral aneurysms, pins may be placed only after the anesthesia team has preempted the hemodynamic effects of fixation. Local infiltration of the skin should be used whenever possible in every awake as well as in the anesthetized patient, and the dose of local anesthetic should be recorded. In patients under general anesthesia, anesthesia should be deepened with either a bolus of intravenous anesthetic agent (e.g. propofol 0.5-1 mg/kg) or with deepening of the inhalational anesthetic. The dose of the anesthetic given should be titrated to the estimated depth of anesthesia and arterial blood pressure. Therefore, standard monitoring and invasive blood pressure monitoring should have commenced before application of pins. In cases when invasive blood pressure monitoring is unavailable (e.g. during an emergency such as head trauma), a bolus of an anesthetic agent should be given before application of pins, titrated to the noninvasive blood pressure value.
Benefits of the skeletal head holder consist of immobility of the head, and surgical comfort. Risks of the head holder include bleeding from the pins sites, air embolism (especially in sitting position, where placement of antibiotic ointment on pins is advocated for prevention of air embolism), and scalp and eye laceration. Pressure alopecia has been described after using a horseshoe headrest. (4) C. Head and Neck positioning: Head Rotation, Hyperflexion, Hyperextension, and Lateral Flexion Manipulation of the head and neck during positioning may have serious consequences, including quadriplegia and cerebral infarction. Even in healthy individuals, slight movement of the head and neck may lead to mechanical stress of arteries and veins supplying brain and cervical spinal cord. (5) Blood flow in the vertebral arteries, which are located in the narrow foramina in the transverse processes along the cervical spine, decreases on the side ipsilateral to the direction of head turning. Hyperflexion of the head and neck may decrease blood flow in vertebral and carotid arteries, leading to brain stem and cervical spine ischemia, resulting in quadriparesis and quadriplegia. Patients with osteophytes, arthritis, or vascular atherosclerosis also are at risk for cerebral ischemia secondary to inappropriate head and neck movement. (6) During positioning, the head can typically be safely rotated between 0 -45 degrees away from the body. If more rotation is needed, a roll or pillow placement under the opposite shoulder is recommended. (4) Maintaining 2-3 finger-breadths thyromental distance is recommended during neck flexion. The patient's preoperative ability to move the neck without neurological consequences such as paresthesias, pain, or dizziness may limit or dictate the extent of intraoperative head and neck positioning. Hyperflexion, hyperextension, lateral flexion or rotation should be avoided.
Benefits include surgical comfort and optimal access to the target area. Risks and complications of head positioning include: cervical strain leading to postoperative discomfort and pain, necrosis of the chin, brachial plexus injury, obstruction of the cerebral lymphatic and venous outflow, leading to face, neck, and airway swelling, macroglossia leading to the airway obstruction, obstruction of cerebro-spinal fluid flow, and obstruction of vertebral or carotid arteries leading to the brain stem ischemia and quadriplegia. Impairment of cerebral venous outflow, especially during prolonged surgery, can potentially cause intraoperative brain swelling, increased intracranial pressure (ICP), ischemia and cerebral infarction. 
D. Monitoring during head positioning
First, since increase in ICP can reflect impaired venous drainage, measuring intracranial pressure (ICP) can be helpful during head positioning. In patients with in-situ ICP monitoring, we recommend monitoring ICP, with the goal of maintaining normal ICP < 20 mmHg. Repositioning to achieve a normal ICP may be needed. Second, jugular bulb pressure (JBP) monitoring is an alternative to direct ICP monitoring. Jugular bulb pressure and jugular venous saturations can both be measured using a retrograde jugular bulb catheter. Monitoring JBP allows the anesthesiologist to continuously measure and record intracranial venous pressure and compare it to central venous pressure (CVP). When CVP and JBP are measured and monitored continuously, obstruction of jugular vein can be quickly recognized (JBP exceeds CVP). If the patient is supine, and pressure transducers are placed at the level of the heart, JBP and CVP are usually equal, or JBP may be higher by 1-2 cmH 2 O. During head up tilt, placement of the pressure transducers should be considered. If both transducers are placed at the same level (usually at the ear tragus to reflect middle cerebral artery pressure), JBP will be higher than CVP; with head-down tilt, JBP is lower than CVP. If each transducer is placed near its reference level (CVP at the level of the right atrium, and JBP at the level of tragus), there should be no change in pressures compared to baseline. The most important sign of proper head positioning is that JBP remains the same. Any elevation of JBP requires evaluation. Once technical errors are excluded (check for kinking of the catheter, flush the catheter), partial obstruction of venous outflow, and repositioning of the head should be considered.
III. Body Positioning
There are six basic body positions utilized in neurological surgery: supine, lateral, prone, concorde, sitting, and three-quarters. Additionally, there are significant circulatory and respiratory changes with changes in body position in both awake and anesthetized patients. These changes may affect blood-gas exchange and cerebral hemodynamics. The most significant physiologic changes and benefits and risks with different body positions utilized in neurosurgery are summarized in Box 2.
A. Supine Position (Dorsal Decubitus Position)
The supine position is the most frequently utilized position in neurosurgery and is used for cranial procedures, carotid endarterectomies, and for anterior approaches to the cervical and lumbar spine. (Figures 2A-C ) Benefits: This is the simplest position because it does not require special instrumentation, is easily achievable, and usually does not require disconnection of the tracheal tube and invasive monitors. Risks: Head rotation or flexion is often required for in order to create optimal surgical conditions. Hemodynamics and Ventilation. Since each 2.5 cm change of vertical height from the reference point at the level of the heart leads to a change of mean arterial pressure by 2 mmHg in the opposite direction (10) , and since the venous compartment is a low pressure compartment, venous return to the heart depends on body position. Head-down tilt increases venous return from the lower extremities, but increases venous congestion in the upper part of the body. If the head is tilted below the level of the heart, venous pressure in the cerebral veins increases in proportion to the hydrostatic pressure gradient. Even after short procedures, postoperative headache, congestion of the conjunctivae and nasal mucosa may be observed. Therefore, to improve venous drainage from the brain, the head should be positioned above the level of the heart using reverse Trendelenbourg positioning or with flexion of the table. The head can typically be safely rotated to 45 degrees relative to the body, but if more rotation is needed, a roll or pillow should be placed under the contralateral shoulder.
In awake subjects, change in body position does not usually cause profound changes in blood pressure because of the baroreceptor (from aortic arch and carotid sinus) reflexes and reninangiotensin-aldosterone system. During anesthesia, hemodynamic instability may develop due to impaired compensatory mechanisms and effect of anesthetic agents. (11) Adverse hemodynamic changes are not common in supine positioning.
Pulmonary blood flow may change profoundly with changes in patient position. (12) Perfusion and ventilation are best in the dependent parts of the lungs. (Figure 3 ) In anesthetized patients, positive-pressure ventilation provides the best ventilation to the non-dependent lung zones. During head-up tilt, ventilation of the dependent lung is improved by displacement of the abdominal viscera downward from the diaphragm.
B. Lateral Position
The lateral position is used for surgical approach for patients requiring temporal lobe craniotomy, skull base and posterior fossa procedures, as well as for the retroperitoneal approach to thoracolumbar spine. (Figure 4 ) Benefits: This position provides the best surgical approach to the temporal lobe. Risks: Brachial plexus injuries, stretch injuries, pressure palsies, and ventilation-perfusion mismatch may occur. Hemodynamics and Ventilation. Lateral positioning leads to gravitational changes of ventilation-perfusion relationship in the lung. The best perfusion occurs in the dependent lung zones. In an awake patient in lateral position, Zone 3 West is occupying the dependent 18 cm of lung tissue. Lung tissue above 18 cm from bed level is not perfused. (13) (Figure 3 ) During general anesthesia and positive pressure ventilation, the non-dependent lung zones are ventilated better relative to the dependent zones, worsening ventilation-perfusion mismatch.
Special attention is required for positioning of the patient's dependent (lower) arm because of the potential danger of axillary artery compression and brachial plexus injury. The dependent arm can be positioned in hanging or ventral position and may be rested on a low padded arm board, inserted between the table and head fixator. Alternatively, the forearm can be hung on a pillow and towels wrapped over the arm and forearm. The shoulder should be abducted, and the elbow flexed. An axillary roll, inflatable pillow or a gel pad should be placed under the upper chest (not directly in the axilla) in order to take pressure off of the dependent shoulder and prevent arm ischemia, brachial plexus injury, and compartment syndrome. It is also critical to support the patient's head with a pillow or gel pad in order to minimize angulation of the cervical spine, what may be achieved with the simultaneous inflation of the both inflatable pillows under the chest and the head. (14) If there is no arterial line, palpation of radial pulse of the dependent forearm can be helpful in verifying optimal positioning. The nondependent (upper) arm may be positioned on the "airplane" armrest or on a pillow placed anterior to the patient's body
The Park-bench position is a modification of lateral position and provides the surgeon with better access to the posterior fossa, as compared to the lateral position. The upper arm is positioned along the lateral trunk and the upper shoulder is taped towards the table. The lower extremities should be slightly flexed, and a pillow should be placed between the legs (particularly the knees). Reverse Trendelenbourg and marked flexion of the legs at hips and knees should be avoided, as it can lead to the lower extremity venous stasis and decrease of venous return to the heart. Leg wrapping with compression bandages can be used to prevent venous pooling.
C. Prone Position
The prone position is commonly utilized for approaches to the posterior fossa, suboccipital region and posterior approaches to spine. ( Figure 5 ) Benefits: This is a good position for posterior approaches, and there is a lower incidence of venous air embolism compared to the sitting position. Risks: This is the logistically the most difficult positioning due to challenges associated with providing adequate oxygenation, ensuring adequate ventilation, maintaining hemodynamics, and securing intravenous lines and the tracheal tube. Access to the patients' airway is poor. Pressure sores, vascular compression, brachial plexus injuries, air embolism, blindness, and/or quadriplegia can occur.
Hemodynamics and Ventilation. Turning the patient prone from the supine position increases intraabdominal pressure, decreases venous return to the heart, and increases systemic and pulmonary vascular resistance. Characteristic challenges with prone positioning include disconnection of pulse oximetry, arterial line, and tracheal tube, leading to hypoventilation, desaturation, hemodynamic instability, and altered anesthetic depth. To prevent anesthesia disasters, pulse oximetry and the arterial line should be left connected during the turn, whenever possible. Monitoring of invasive blood pressure is especially important in patients with heart or lung disease and trauma patients. For uncomplicated elective surgeries, when invasive blood pressure monitoring is not used, standard ASA monitoring should be applied.
The patient is usually anesthetized in the supine position, and is then turned prone on a chest rolls or on a special frame. The head should be kept in the neutral position. All catheters, invasive monitors and the tracheal tube should be carefully secured before turning the patient prone. Pressure sores (of breasts, penis, soft tissue at the bone points, ears, eyes) are the most frequent complications of prone positioning (4) Therefore, special frames (e.g. Wilson, ReltonHall frame, Andrews frame, Jackson table and frame ( Figure 5) ), which provide support to the chest but leave the abdominal wall and pelvis free, are often used. Chest rolls may be used to support the chest wall, and allow free movement of the chest and abdominal wall. Free movement of the abdominal is desirable for 3 reasons: 1) improved excursion of the diaphragm, and improved oxygenation ventilation, 2) a decrease in intraabdominal pressure and decreased surgical bleeding 3) and improvement of venous return from lower extremities and pelvis. The breast should not be exposed to pressure.
The effects of the prone position on hemodynamic stability and respiratory mechanics are frame dependent. (16, (19) (20) (21) Positioning on the Jackson table provides the most stable hemodynamics and does not increase dynamic lung compliance. (19) (20) (21) Eyes, nose, and ears should be protected against pressure, eyelids should be closed. If the head is positioned on a specially designed pillow (with holes for the eyes and nose), the eyes and nose should be periodically checked for lack of pressure (no less than once every 30 minutes) and head should be repositioned if needed. Blindness is a rare (in about 0.2% of cases), but it is a devastating complication of spine surgery during prone position, where prolonged of surgery and the magnitude of the blood loss may be risk factors. (22) Positioning of the head at the body level, or higher, avoiding the head-down position and associated venous congestion. On the other hand, elevation of the head for posterior fossa surgery or cervical spine surgery may increase the risk for air embolism. The upper extremities may be positioned along the body or abducted on to padded armboards. If abduction is used, great care must be exercised to avoid hyperextension of the arms to prevent brachial plexus injury.
The Concorde position is a modification of the prone position. (Figure 6 ) This is the best positioning for surgical approach to occipital transtentorial and supracerebellar infratentorial area. The head is typically skeletally fixed and flexed, but may be laterally flexed if needed. The body is positioned in reverse Trendelenburg and chest rolls are placed under the trunk. The arms are tucked alongside to the trunk, and the knees are flexed. Specific complications include necrosis of the chin and an obstruction of cerebral venous outflow.
D. Sitting Position
This position is most commonly utilized for posterior fossa surgery and cervical laminectomy. (Figure 7 A,B) Benefits: This position provides optimal surgical exposure for posterior fossa surgery because tissue retraction and risks of cranial nerve damage are reduced, cerebral venous drainage is improved and bleeding is less. The patient's airway is accessible to the anesthesiologist. Risks: Venous air embolism (VAE), paradoxical air embolism, bradycardia or cardiac arrest due to brain stem manipulations can occur. Macroglossia, upper airway obstruction, (23) pneumocephalus, (24) subdural hematoma, and quadriplegia (25) have also been reported. Despite well described risks involved with the sitting position, there is no evidence of increased mortality rate. (26) (27) (28) A recent national survey has demonstrated that the sitting position is still utilized for posterior fossa surgery in about half of practices in USA. Hemodynamics and Ventilation. The classic sitting position causes postural hypotension in about 1/3 of patients, and 2-5% of patients suffer severe hypotension (decrease in blood pressure more than by half from baseline). (29) The major hemodynamic consequence is decrease in venous return, leading to decrease in cardiac output and hypotension. Therefore, hemodynamic instability and cardiac disease are relative contraindications for prone positioning. Wrapping of the legs with elastic bandages (e.g. ACE bandage) prevents pooling of blood in the lower extremities and should be applied in every case. The modified sitting (semirecumbent) position provides better venous return and less hemodynamic instability. (Figure 7B ) With head-up tilt venous drainage via internal jugular veins is improved which results in decreased intracranial pressure. However, jugular veins may also collapse in sitting position, (8) and careful head positioning to avoid hyperflexion and hyperextension is required to prevent stretching or obstruction of the vertebral venous outflow.
Ventilation in sitting position is improved compared to the supine position due to downward shift of the diaphragm, which decreases intraabdominal pressure, improves ventilation of the dependent zones, and decreases ventilation-perfusion mismatch. However, low perfusion pressure secondary to decreased venous return may affect oxygenation. Therefore, preventing hypovolemia and maintaining normal pulmonary perfusion pressure are crucial for maintaining an adequate oxygen delivery in sitting position.
Venous Air Embolism (VAE)-
The mechanisms of VAE include negative venous pressure and exposure of veins and boney venous sinuses to air. When the site of surgery is exposed to air and located above the level of the heart, air may be entrained in the veins and boney venous sinuses, and air may enter the pulmonary circulation. A large VAE may decrease cardiac output by creating an airlock and decreasing left ventricular output. The incidence of VAE in sitting position may approximate 20-50% when precordial Doppler monitoring is used for detection (30) and 76% with transesophageal echocardiography (TEE) is used for detection. (31) Patent foramen ovale should be excluded before every case as it is a source of paradoxical air embolism. Therefore, preoperative "bubble test" in awake patients using TEE or transthoracic echocardiography is advocated by some authors if the sitting position is considered. (32) In addition to standard monitoring, precordial transthoracic Doppler is recommended for early detection of VAE. (25) Although TEE is more sensitive in detecting VAE, precordial Doppler is inexpensive, readily available, easy to use, and noninvasive. Optimal placement of the precordial probe should be guided by the recognizing the highest pitch over the right upper sternal border with the intravenous injection of agitated saline. When precordial Doppler or TEE are unavailable, VAE should be considered when end tidal CO 2 suddenly decreases in the presence of hypotension, not explained by other causes. An atrial catheter (multiorifice or single orifice) placed at the high level of the right atrium may be helpful for air aspiration. Correct positioning may be verified using intravenous electrocardiography, chest radiography, or TEE. However, the therapeutic value of the right atrial catheter may be limited. The most important treatment for VAE include irrigation of the surgical site with saline, rescue headdown tilt or left lateral positioning, and cardiovascular support with administration of inotropes.
Other Complications-The incidence of postoperative pneumocephalus in sitting position may reach 100% (20) , and may be due to negative cerebral spinal fluid pressure and/or residual air during closure of the dura. Therefore, nitrous oxide should be discontinued 20-30 minutes before completion of the procedure. However, pneumocephalus can develop even without the use of nitrous oxide and may persist for weeks after surgery. Life-threatening tension pneumocephalus is rare (3%). (28) Quadriplegia is a rare but devastating complication and results from cervical spine ischemia with neck and head hyperflexion. Elderly patients with cervical spine deformities and vascular pathologies have higher risk. (6) During positioning, sufficient distance betweeen chin and neck (at least 2 finger-breadth) is recommended to avoid neck hyperflexion.
E. Three-Quarter Prone Position (Lateral Oblique, or Semiprone)
This position is used for posterior fossa and parieto-occipital surgery. (Figure 8 ) Benefits: The risk of VAE is lower compared to the sitting position. Risks include bleeding, brachial plexus injury, pressure sores, and macroglossia. The issues with hemodynamics and ventilation in this position are similar to those with lateral and/or prone positioning.
The principles of three-quarter positioning resemble those for lateral position, but the head may be placed on the table and the dependent (lower) arm may be placed behind the body (coma or sleeping position). If a suboccipital approach is required, the nondependent (upper) shoulder should be taped down towards the foot. However, this can cause additional stretching of the brachial plexus (maneuvers to prevent brachial plexus injury are discussed in "Lateral Position" section).
IV. Summary
Positioning of the patient for neurological surgery is an important part of anesthesia care and poses many technical and physiological challenges. As discussed, recognition of the physiological changes with positioning and careful and meticulous positioning may decrease unwanted complications.
Box 1. Summary of Task Force Consensus on the Prevention of Perioperative Peripheral Neuropathies Relevant to Positioning for Neurosurgery (1)
Preoperative assessment:
• Ascertain that patients can comfortably tolerate the anticipated operative position
Upper extremity positioning:
• Arm abduction should be limited to 90° in supine patients; patients who are positioned prone may comfortably tolerate arm abduction greater than 90°• Position arms to decrease pressure on ulnar groove (humerus). When arms are tucked at the side, neutral forearm position is recommended. When arms are abducted on armboards, either supination or a neutral forearm position is acceptable.
• Prolonged pressure on the radial nerve in the spiral groove of the humerus should be avoided.
• Extension of the elbow beyond a comfortable range may stretch the median nerve.
Lower extremity positioning:
• Prolonged pressure on the peroneal nerve at the fibular head should be avoided.
• Neither extension nor flexion of the hip increases the risk of femoral neuropathy.
Protective padding:
• Padded armboards may decrease the risk of upper extremity neuropathy.
• The use of chest rolls in laterally positioned patients may decrease the risk of upper extremity neuropathies.
• Padding at the elbow and at the fibular head may decrease the risk of upper and lower extremity neuropathies, respectively.
Equipment:
• Properly functioning automated blood pressure cuffs on the upper arms do not affect the risk of upper extremity neuropathies.
• Shoulder braces in steep head-down positions may increase the risk of brachial plexus neuropathies.
Postoperative assessment:
• A simple postoperative assessment of extremity nerve function may lead to early recognition of peripheral neuropathies.
Documentation:
• Charting specific position actions during the care of patients may result in improvements of care by (1) helping practitioners focus attention on relevant aspect of patient positioning; and (2) providing information that continuous improvement processes can use to lead to refinement in patient care. (2)). This is a schematic presentation of the ventilation-perfusion relationships in the lungs, which shows dependency of the venous pressure on the gravity. Perfusion in the lungs is established in the zone 3, at the point when venous pressure overcomes alveolar pressure. A -upright position, B-supine position. P a -arterial pressure, P A -alveolar pressure, P V -venous pressure Three-quarters (lateral oblique) positioning (Adapted with permission from Youmans Neurological Surgery, Fifth Edition, p 608). Changes of physiologic parameters in cardiovascular, respiratory and central nervous system are presented as observed in anesthetized subjects, changes in cardiovascular system presented in awake and anesthetized subjects: HR-heart rate, SV-stroke volume, VR -venous return, CO-cardiac output, SBP-systolic blood pressure, TLC-total lung capacity, FRC-functional residual capacity, Qs/Qtintrapulmonary shunt, V/Q mismatch-ventilation/perfusion mismatch, ICP-intracranial pressure, JVF -jugular venous flow, JVR -jugular venous resistance, CPP-cerebral perfusion pressure; ↑-increase, ↓ -decrease, ↔ no change.
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